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Abstract 2 SPIN DYNAMICS, RESONANCES AND 
SIBERIAN SNAKES 

We successfully injected polarized protons in both RHIC 
rings and maintained polarization during acceleration up to 
100 GeV per ring using two Siberian snakes in each ring. 
Each snake consists of four helical superconducting dipoles 
which rotate the polarization by 180” about a horizontal 
axis. This is the first time that polarized protons have been 
accelerated to 100 GeV. We report on our experiences dur- 
ing commissioning and operation of collider with polarized 
protons. 

1 INTRODUCTION 

Polarized proton colliders will open up the completely 
unique physics opportunities of studying spin effects in 
hadronic reactions at high-luminosity high-energy proton- 
proton collisions. It will allow study of the spin structure 
of the proton, in particular the degree of polarization of the 
gluons and antiquarks, and also verification of the many 
well-documented expectations of spin effects in perturba- 
tive QCD and parity violation in W and Z production. 

The Brookhaven Relativistic Heavy Ion Collider (RHIC) 
is the first hadron accelerator and collider consisting of 
two independent rings. It is designed to operate at high 
collision luminosity over a wide range of beam energies 
and with particle species ranging from polarized protons to 
heavy ions. The RHIC center-of-mass energy range of 200 
to 500 GeV[l] is ideal in the sense that it is high enough 
for perturbative QCD to be applicable and low enough so 
that the typical momentum fraction of the valence quarks 
is about 0.1 or larger. This guarantees significant levels of 
parton polarization. 

During the second RHIC run polarized proton beams 
were successfully accelerated to 100 GeV and stored and 
collided with a peak luminosity of about 1.5 x 1030 cmm2 
s-l. With the two full Siberian Snakes installed in each of 
the two RHIC rings essentially all beam polarization was 
preserved during acceleration and beam storage in RI-UC. 

*Work performed under the auspices of the U.S. Department of Energy 

Accelerating polarized beams requires the control of 
both the orbital motion and spin motion. The evolution 
of the spin direction of a beam of polarized protons in ex- 
ternal magnetic fields, such as those existing in a circular 
accelerator, is governed by the Thomas-BMT equation [2], 

where the polarization vector P is expressed in the frame 
that moves and rotates with the particle’s velocity. This 
simple precession equation is very similar to the Lorentz 
force equation: 

$=-(6) [Bf] x3 

Comparison of these two equations readily shows that, in 
a purely vertical field, the spin rotates Gy times faster than 
the orbital motion. Here G = 1.7928 is the anomalous 
magnetic moment of the proton and y = E/m. Gy gives 
the number of full spin precessions for every revolution and 
is also called the spin tune vsp. At top RHIC energies ‘/sp 
reaches about 400. 

The acceleration of polarized beams in circular accelera- 
tors is complicated by the presence of numerous depolariz- 
ing spin resonances. During acceleration, a spin resonance 
is crossed whenever the spin precession frequency equals 
the frequency with which spin-perturbing magnetic fields 
are encountered. There are two main types of spin reso- 
nances corresponding to the possible sources of such fields: 
imperfection resonances, which are driven by magnet er- 
rors and misalignments, and intrinsic resonances, driven by 
the focusing fields. The strengths of both types of reso- 
nances increases with beam energy. 

The resonance condition for imperfection depolarizing 
resonances arise when usp = Gy = n, where n is an in- 
teger. Imperfection resonances are therefore separated by 
only 523 MeV energy steps. The condition for intrinsic res- 
onances is vsp = Gy = kP f vY, where Ic is an integer, vu 
is the vertical betatron tune and P is the superperiodicity. 

With a localized spin rotator that rotates the spin by the 
angle S about a horizontal axis the spin tune is given by 
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Figure 1: Layout and design parameters for the Brookhaven polarized proton collider. The eight spin rotators and the 
absolute polarimeter were not installed for this run 

cos (wsp) = cos (nGy) cos (6) . 

The spin tune can never reach an integer for any non-zero 
b and therefore all imperfection resonances are avoided. 
A ‘full Siberian snake’[3], which is a 180” spin rotator, 
will make the spin tune a half-integer and energy indepen- 
dent. Therefore, neither imperfection nor intrinsic reso- 
nance conditions can ever be met. In the presence of strong 
resonances the spin rotation of the snake has to be much 
larger than the total spin rotation from the resonances. 

3 ACCELERATING POLARIZED 
PROTONS IN AGS AND RHIC 

Fig. 1 shows the lay-out of the Brookhaven accelerator 
complex highlighting the components required for polar- 
ized beam acceleration. The new ‘Optically Pumped Po- 
larized Ion Source’ (OPPIS)[4] produced lOi polarized 
protons per pulse. A single source pulse is captured into 
a single bunch, which is ample beam intensity to reach the 
nominal RHIC bunch intensity of 2 x 1011 polarized pro- 
tons. 

In the AGS a 5% solenoidal partial snake that rotates the 
spin by 9” is sufficient to avoid depolarization from imper- 
fection resonances up to the required RHIC transfer energy 
of about 25 GeV[S]. Full spin flip at the four strong in- 
trinsic resonances can be achieved with a strong artificial 
rf spin resonance excited coherently for the whole beam 
by driving large coherent vertical betatron oscillations[6]. 
The remaining polarization loss in the AGS is caused by 
coupling resonances and weak intrinsic resonances. Faster 
acceleration rate and a future, much stronger partial Snake 
should eliminate depolarization in the AGS. 

The full Siberian snakes (two for each ring) and the spin 
rotators (four for each collider experiment) for RHIC each 

Figure 2: Orbit, and spin tracking through the four helical 
magnets of a Siberian Snake at y = 25. The spin tracking 
shows the reversal of the vertical polarization. 

consist of four 2.4 m long, 4 T helical dipole magnet mod- 
ules each having a full 360” helical twist [7][8]. The 9 cm 
diameter bore of the helical magnets can accommodate 3 
cm orbit excursions at injection. Fig. 2 shows the orbit 
and spin trajectory through a RHIC snake. The supercon- 
ducting helical dipoles were constructed at BNL using thin 
cable placed into helical grooves that have been milled into 
a thick-walled aluminum cylinder. 

The acceleration through the energy region of the 
strongest resonance was simulated in great detail includ- 
ing a 1 mm rms misalignment of the quadrupoles, and sex- 
tupoles as well as the corrector dipoles used to correct the 
closed orbit. The result is shown in Fig. 3 for a beam with 
a normalized 95% emittance of 20 x mm mrad. Although 
there is a significant decrease of the polarization at the en- 
ergy of the strong resonance, the polarization of the full 
beam is restored after accelerating completely through the 
resonance region. The simulation also shows that there is 
significant polarization loss at the edge of the beam. 

In addition to maintaining polarization, the accurate 
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measurement of the beam polarization is of great impor- 
tance. Very small angle elastic scattering in the Coulomb- 
Nuclear interference region offers the possibility for an an- 
alyzing reaction with a high figure-of-merit which is not 
expected to be strongly energy dependent[9]. For polarized 
beam commissioning in RHIC an ultra-thin carbon ribbon 
was used as an internal target, and the recoil carbon nuclei 
were detected to measure both vertical and radial polariza- 
tion components. The detection of the recoil carbon with 
silicon detectors using both energy and time-of-flight in- 
formation showed excellent particle identification. It was 
demonstrated that this polarimeter can be used to monitor 
polarization of high energy proton beams in an almost non- 
destructive manner and that the carbon fiber target could be 
scanned through the circulating beam to measure polariza- 
tion profiles. 

4 FIRST RHIC POLARIZED PIROTON 
RUN 

The first polarized proton collider run in RHIC took 
place from Dec. 2001 to Jan. 2002. Polarized beams 
were successfully accelerated to 100 GeV and stored and 
collided with a peak luminosity of about 1.5 x 1030 cmm2 
s-l. The beam polarization at the AGS was only about 
30% mainly due to the fact that a back-up AGS main power 
supply had to be used with a much reduced ramp rate that 
amplified the effect of the depolarizing resonances. How- 
ever, essentially all beam polarization was preserved during 
acceleration and beam storage in RHIC. Fig. 4 shows cir- 
culating beam current and measured asymmetries of two 
typical stores. The analyzing power at 100 GeV for the 
RHIC polarimeters is not known but expected to be similar 
to the value at injection energy. Under this assumption the 
polarization at store was typically about 25 %. To preserve 
beam polarization in RHIC during acceleration and stor- 
age the vertical betatron tune had to be maintained between 
0.220 and 0.235 and the orbit had to corrected to better than 
1 mm rms. This is in good agreement with the predictions 
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Figure 3: Result of spin tracking through the region of the 
strongest resonance in RHIC. The closed orbit was cor- 
rected with residuals of less than 0.2 mm. 
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Figure 4: Circulating beam and measured asymmetry in the 
blue and yellow RHIC ring for two typical polarized proton 
stores. 

from spin tracking calculations described above. 
More than 20 years after Y. Derbenev and A. Kodratenko 

made their proposal to use local spin rotators to stabilize 
polarized beams in high energy rings, it has now been 
demonstrated that their concept is working flawlessly even 
in the presence of strong spin resonances at high energy. It 
also confirms the initial tests of the Siberian snake concept 
at low energy that were performed at IUCF[ IO]. 

All spin, rotators will be installed for the following 
run with the possibility to go to full collision energy of 
fi = 500 GeV with longitudinal polarization at STAR 
and PHENIX. Finally a polarized gas jet will be installed 
as an internal target for small angle proton-proton scatter- 
ing which will allow the absolute calibration of the beam 
polarization to better than 5 %. 
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